Abstract: Biomonitoring studies have been carried out in three retention reservoirs located in the Opole Province (southern Poland): Turawa reservoir, Nysa reservoir and Otmuchow reservoir. The increases of concentrations of Mn, Fe, Cu, Zn, Cd and Pb in fresh water algae Spirogyra sp. and sea water Palmaria palmata (Linnaeus) Weber & Mohr, exposed in the analysed waters, were determined by the atomic absorption spectrometry method (AAS). Also the waters pH, conductivity and Mn and Fe concentrations were determined. The concentrations of Cu, Zn, Cd and Pb in the analysed waters were lower than the method limit of determination. The analyses were carried out during the period from June to July 2014. The differences between the increases of heavy metal concentrations in the samples of algae found along the coastline were indicated; they result from different distances from the pollution sources, such as sediments or drainage from the areas adjacent to the reservoirs. Better sorption characteristics of Palmaria palmata in comparison to Spirogyra sp. were indicated. An empirical interrelation was also tested, the application of which after modification may enable the quantitative assessment of waters pollution with heavy metals, based on the analysis of the concentration of the element in the algae thallus.
Introduction
The influence of environmental pollution on living organisms has been known for many years; however, methodical studies of the influence of anthropopressure on the changes happening in ecosystems were initiated as late as in the second half of the 20th century. Living organisms became to be used as biological indicators of environmental pollution. A group of methods was defined, which use the abilities of certain organisms to accumulate pollution. Cyclic and quantitative analyses of pollution concentration in bioaccumulators became the foundation of the modern environmental pollution biomonitoring.
The biomonitoring studies of surface waters most frequently use algae, which have very good sorption characteristics and adapt very well to various environments [1] [2] [3] .
Algae are thalloid plants. Among them, except for eukaryotes (ie Spirogyra sp. and Palmaria palmata), there are groups of organism with prokaryotic cells (cyanobacteria). Their thallus has a complex morphological structure (unicellular and multicellular organism, types forming colonies) and various shapes (from dimensions in µm, as well as large, leave-like forms) [4] [5] [6] .
Biomonitoring studies with the use of algae are carried out by passive methods (passive biomonitoring), during which algae present in natural environment are analysed [7] [8] [9] [10] [11] [12] and active methods (active biomonitoring), during which algae, living in environments with little pollution, are transferred to and exposed in the ecosystems with higher pollution levels, eg heavy metals [13] .
Biomonitoring studies with the use of algae have been carried out in, among others, Poland (the Turawa reservoir, the Odra river, Baltic Sea) [14] [15] [16] [17] , in Czech Republic (the Dyje river) [18] , Russian Federation (12 rivers in the Kola Peninsula, the Yenisey river in Siberia, Lake Baikal, the Sea of Japan) [19] [20] [21] [22] , China (the South China Sea waters near the Hong Kong island) [23, 24] , Portugal (waters of Ria de Aveiro lagoon) [25] , Argentina (the lakes in the Andes: Nahuel Huapi, Gutirrez and Moscardi) [26] , Uganda (Lake George, a stream near the city of Kampala) [27, 28] and in Nigeria (the Niger river) [29] .
The studies carried out with the use of sea and fresh water algae confirm their practical application not only in biomonitoring of surface waters pollution [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] but also waters phytoremediation [30] and as biosorbents in the effluent treatment process [31] .
Some instrumental methods of water chemical composition, eg atomic absorption spectrometry (AAS), require concentrating of water samples in order to determine the trace quantities of heavy metals. Algae offer an alternative solution. Thanks to their very good sorption characteristics [3] , in solutions after mineralisation, a much higher metals concentration is obtained compared to concentrations of these metals in water. Determining the correlation between concentrations of analytes in algae and water can be used to prepare a simple method for determination of heavy metals concentration in surface waters, on the basis of the chemical analysis of the algae thallus composition.
The objective of the studies was to apply active biomonitoring to determine the distribution of bioaccessible forms of heavy metals: Mn, Fe, Cu, Zn, Cd and Pb along the coastline of the retention reservoirs: Turawa, Nysa and Otmuchow and demonstrate heterogeneity of the distribution of analytes concentrations in the studied reservoirs resulting, among others, from the distance from pollution sources. The algae Spirogyra sp. and Palmaria palmata were used in the study and exposed in the studied reservoirs. The study also included the possibility to use sea algae for the purpose of quantitative determination of bioaccessible forms of manganese in surface waters.
Characteristics of the research field
The Turawa reservoir with the area of 2.2 thousand hectares is located within the Protected Landscape Park Stobrawsko-Turawskie Woodland, approximately 20 km north-south from Opole. The artificial lake was built during the years 1933-1938. The reservoir was created by damming up the waters of the Mala Panew river. There are two pumping stations at the reservoir: in Jedlice and Szczedrzyk, which discharge surface waters from fields and ditches to the lake [32] .
The reservoirs Otmuchow (area 2.03 thousand hectares) and Nysa (area 2.13 thousand hectares) are located in the Otmuchow-Nysa Protected Landscape Park. They are located approximately 60 km south-west from Opole. Together with the Topola and Kozielno reservoirs, they were built along a 30 km long section of the Nysa Klodzka river as a flood control system. The Otmuchow reservoir was built during the period from 1928 to 1933 and the Nysa reservoir was completed in 1971.
Due to much diversity, the reservoirs are home to numerous rare and protected species of plants and animals [33] . They are favoured recreation areas for the inhabitants of Opole Province and neighbouring regions. The reservoirs are protected under the Natura 2000 program (The Birds Directive) [34] .
Materials and methods
Fresh water algae Spirogyra sp., sampled from relatively clean waters in a reservoir located in a closed gravel pit in Opole town, and sea water algae Palmaria palmata (Linnaeus) Weber & Mohr purchased from the company Bogutyn Mlyn in Radzyn Podlaski (PL), were used during the study. The fresh water algae, after cleaning from plant and other impurities, were rinsed with demineralised water (conductivity κ = 0.5 µS/cm). The cleaned samples were dehydrated by freeze-drying at the temperature of 223 K for 20 hours. Such prepared algae were stored in tightly closed polyethylene containers.
The sea algae were purchased dried. In order to remove the salts released in consequence of destruction of cell membranes, the algae were rinsed with demineralised water and dried for 24 hours at the temperature of 323 K. The algae prepared in this way were stored for further analyses.
The concentrations of metals naturally accumulated in the dry mass of Spirogyra sp. . Prior to exposition, algae were immersed for 15 min in demineralised water, in order to activate sorption centres [35] . Next, samples were exposed in waters of the studied reservoirs for 50 min. The samples were immersed in water approximately 1 meter from the shore, in littoral zone. The study included five repetitions. Simultaneously, water samples were taken in the defined measuring spots, in order to determine physical and chemical parameters (pH and conductivity) and heavy metals concentrations. Figure 1 presents the map of measuring spots locations. After exposition, algae samples were rinsed with demineralised water and dried at the temperature of 323 K. The algae samples (dry mass each of them was 0.400 ± 0.001 g) were mineralised in the mixture of nitric(V) acid and hydrochloric acid (HNO 3 65% : HCl 37% = 1:3) using a Speedwave Four by Berghof, DE microwave oven. The mineralization process temperature was 180°C. MERCK company reagents were used to prepare solutions. Heavy metals (Mn, Fe, Cu, Zn, Cd and Pb) in mineralised algae samples were determined by atomic absorption spectrometry method (AAS), using the equipment iCE 3000 made by Thermo Electron Corporation (USA).
Fig. 1. Measuring spots locations
The water samples, in which heavy metals were determined by the AAS method, were transferred to the filtering system and next acidified with 1 cm 3 of the concentrated nitric acid(V).
The conductivity and pH of the water, in which algae were immersed, were measured with the equipment made by Elmetron Sp.j. from Zabrze (PL): pH meter CP 401, which absolute measurement error was ∆pH = 0.02 and ∆κ = 0.1 µS/cm, respectively. Table 1 presents the limits of detection and the limits of quantification of heavy metals for the spectrometer iCE 3500 [36] . Calibration of spectrometer was performed with a standard solution from ANALYTIKA Ltd. (Czech Republic). The values of the highest concentrations of the models used for calibration (2 mg/dm 3 for Cd, 5 mg/dm 3 for Cu, Zn, Pb, 7.5 mg/dm 3 for Mn and 10 mg/dm 3 for Fe) ware approved as linear limits of the signal dependence on the concentration. Table 2 shows heavy metals concentrations, determined in the certified reference materials as BCR-414 plankton and BCR-482 lichen, prepared by the Institute for Reference Materials and Measurements, Belgium. 
Quality and quality assurance

Results interpretation method
The increases of analytes concentrations in algae, indicating waters pollution, were determined on the basis of the relative accumulation factor (RAF -Relative Accumulation Factor) [14] In order to assess accumulation properties of the used algae, the bioconcentration factor (BCF -Bioconcentration factor) was determined, indicating the increase of analytes concentration in algae versus analytes concentration in water [37, 38] Concentrations of manganese in water and the exposed algae Palmaria palmata were compared, with the use of the empirical correlation determined on the basis of the results of laboratory tests, carried out in order to assess the influence of water conductivity on the changes of algae sorption capacity: Using parameters of the isotherms presented in Figure 2 , a linear correlation y = 0.009x + 0.46 was determined, describing the changes of the slope of (y), depending on the solution conductivity (x). The value of 25 shown in correlation 3 is the mean of the absolute terms from Langmuir's isotherms. Manganese was selected due to its relatively large, easy to determine, concentrations in surface waters.
Results and discussion
In Table 3 mean values of physiochemical parameters of water samples taken from different measuring spots, as well as the value of standard deviation from the measurements are presented. Large pH values (> 9) may signify the progressing eutrophication of the studied reservoirs. The most favourable pH values of water were determined in Turawa reservoir. A significant improvement compared to previous years (pH > 10) is probably the result of several years of works on installing sewage systems in the localities along the Mala Panew river catchment area. The results of water conductivity measurements signify a comparable salinity of the studied reservoirs. Table 4 contains the results of measurements of heavy metals concentrations in water samples taken in algae exposition locations. The analysis of water samples shows that, as far as the average content of Zn and Cu is concerned, the water sampled from the three studied reservoirs is below the limit values defined for the 1st and 2nd quality class of surface waters (Zn < 1 mg/dm 3 ; Cu < 0.05 mg/dm 3 ) [39] . In the case of lead, exceeding the limit values (0.0072 mg/dm 3 ), larger than the method determination limit, was confirmed in Otmuchow reservoir. The FAAS method determination limits make it impossible to asses cadmium content in waters; its maximum permissible concentration, for hardness not more than 40 mg CaCO 3 /dm 3 , is 0.00045 mg/dm 3 [39] . In most cases, the FAAS method allows to determine directly manganese and iron in surface waters.
Algae was used in the next stage, in order to determine the differences in concentrations of the analysed metals. As mentioned before, thanks to their very good sorption characteristics, in solutions after mineralisation a much higher metals concentration is obtained, compared to concentrations of these metals in water.
In order to determine uncertainty of the measurement method, algae samples were analysed five times, maintaining the whole cycle of the research method. For the samples of Spirogyra sp. and Palmaria palmata exposed in the defined measurement spots, the value of coefficient of variation CV śr (Coefficient of variation), determined on the basis of the value of standard deviation SD (CV Mean. [%] = 1/3 · ∑ (SD i / c x,Mean,i ) · 100%, where: SD i / c x,Mean,i is a standard deviation calculated for the i-series (i = 12;15;14), referred to the mean value from that series (c x,Mean,i ) and, for fresh water algae, is within 18-21%, and for sea water algae, within 12-16%. Table 5 presents mean concentrations of heavy metals determined in the samples of Spirogyra sp. and Palmaria palmata, exposed in the studied reservoirs. No increases of cadmium concentrations were determined in all the exposed algae samples. The mean values of metals concentration increases in the exposed algae, determined for the studied reservoirs, demonstrate better sorption characteristics of sea algae for Mn, Fe, Cu and Zn. Fresh water algae Spirogyra sp. showed better lead sorption characteristics. Large values of standard deviation, with regard to the mean value determined for individual reservoirs, illustrate different water pollution levels, depending on the algae exposition location.
Figures 3-5 present the values of determined RAF coefficients (Relation 1) for Mn, Fe, Cu, Zn and Pb. The results presented in the graphs in Figures 3-5 show a differentiated level of metals accumulation in individual reservoirs. The samples of fresh and sea water algae exposed in measurement spots, located along the north side of Turawa reservoir coastline (spots 9-12), show slightly higher heavy metal concentrations compared to the samples exposed along the south side of the lake (spots 1-6) (Fig. 2 ). These differences may signify the presence of bottom sediments rich in biogenic compounds and heavy metals in the north part of the lake. Higher heavy metals concentrations were confirmed in the algae samples exposed near resorts. Different heavy metals pollution levels in the reservoir waters are confirmed by the in situ studies, carried out with the use of Spirogyra sp., which naturally inhabits this reservoir [15] .
The carried out biomonitoring studies with the use of algae showed that waters of the Nysa and Otmuchow reservoirs ecosystem in the Nysa Klodzka river have different levels of heavy metals pollution. The waters flowing into Nysa reservoir (measurement spot 3) are more polluted with heavy metals than the waters flowing out of the reservoir (measurement spot 12). This may signify that heavy metals accumulate in bottom sediments and living organisms. A sample of Spirogyra sp. algae exposed in the measurement spot 10 had the largest concentration of iron and lead. That was because the spot was located near a resort. Similarly, sea algae exposed in that measurement spot showed large concentration of iron. The waters of the Nysa Klodzka river flowing out of Otmuchow reservoir, flow into Nysa reservoir. No statistically relevant differences were determined in concentrations of the assessed analytes in the algae exposed in the inlet and outlet from the reservoir. Large concentration of iron was determined in Palmaria palmata algae, exposed in measurement spots 4 and 5, located near a railway track. Large concentrations of zinc were determined both in fresh and sea water algae exposed in measurement spots 7 and 8, located near the state road 46. Table 6 contains a summary of the calculated coefficient BCF values (Relation 2), showing accumulation characteristics of fresh water Spirogyra sp. and sea water Palmaria palmata algae. BCF coefficients were determined for mean concentrations of heavy metals accumulated in biomass and water.
The values of BCF > 1000 signify very good heavy metals accumulation characteristics in individual elements of biota eg in water plants [40] , zooplankton [41] and in algae [42] , and the possibility to use them in biomonitoring and effective phytoremediation. As demonstrated before, biomass of sea algae Palmaria palmata is a better biosorbent of Mn, Fe, Cu and Zn in comparison to fresh water algae Spirogyra sp. It should be emphasised that pH and natural salinity of waters influence the BCF values. The isotherms presented in Figure 2 show the changes in manganese sorption efficiency under the influence of water conductivity.
A comparison of the measured (c * z ) and calculated (c * o ) manganese concentrations values in surface waters was carried out, on the basis of relation 3. Palmaria palmata algae were exposed for 50 min. The results are shown in Table 7 . A reminder: c * = z · c, where z -cation valence. The study results show that the differences between c * z and c * o decrease together with the increase of manganese concentration in water. The presented data demonstrates that at the current state of the research, the uncertainty of determination of surface waters pollution with the metal, on the basis of the analysis of the composition of Palmaria palmata thallus and measurement of water conductivity, is too large, especially with low concentration of manganese. Studies continue on the influence of conductivity on the algae-solution equilibrium with regard to other metals.
Summary and conclusions
Research centres are very interested in bioindicators of environment pollution because they are simple and not expensive to obtain. Algae are perceived as one of the main bioindicators of surface waters pollution. Analysis of concentrations of trace elements captured in algae thallus provides much information regarding the pollution introduced to water environment, allows to asses changes in environment quality and to identify the sources of pollution.
On the basis of the carried out research it was demonstrated that Spirogyra sp. and Palmaria palmata algae can be successfully used as biomonitors of water ecosystems pollution with heavy metals. It was also confirmed that biomass from sea algae Palmaria palmata has better sorption characteristics for Mn, Fe, Cu and Zn, compared to fresh water algae Spirogyra sp.
The proposed quantitative method with the use of algae can supplement the qualitative biomonitoring methods. The application of this method is particularly justified in the cases when the allowed pollution quantities, eg heavy metals in surface waters, are lower than the determination level of the applied analytical method.
